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ABSTRACT
We investigate the formation of TeV spectrum of a distant blazar PKS 1424+240 residing at
a redshift z > 0.6 in two scenarios in the frame of a lepto-hadronic jet model taking both
the uncertainties of the extragalactic background light (EBL) and its redshift into account.
In the first scenario, TeV emission is attributed to the synchrotron emission of pair cascades
resulting from pγ interaction; in the second scenario, TeV emission is attributed to the proton-
synchrotron emission, and an internal absorption due to interaction with the photons around
the jet is included. The results show that in the first scenario the 68% upper limit of its redshift
within which this scenario can explain the VERITAS TeV spectrum in 2009 well is ∼ 0.75;
in the second scenario, this upper limit of the redshift becomes ∼ 1.03. However, the second
scenario can be excluded because it requires an unreasonable photon field around the jet with
a luminosity of ∼ 1043 erg s−1. In conclusion, the jet model can explain its TeV spectrum
with a low EBL density if 0.6 < z < 0.75.
Key words: BL Lacertae objects: individual (PKS 1424+240) — gamma rays: galaxies —
radiation mechanisms: non-thermal
1 INTRODUCTION
PKS 1424+240 is classified as a BL Lac Object (BL Lacs) be-
cause of its weak emission-line feature. Very high energy (VHE)
gamma-rays from PKS 1424+240 have been detected by VER-
ITAS (Acciari et al. 2010; Archambault et al. 2014) and MAGIC
(Aleksic´ et al. 2014). The intrinsic TeV emission from a blazar is
expected to be attenuated through interaction with the ultraviolet-
infrared photons of extragalactic background light (EBL). This at-
tenuation depends on the distance from the source to the Earth and
the EBL density. However, as for many BL Lacs, the redshift of
PKS 1424+240 is still uncertain. Furniss et al. (2013) presented a
firm redshift lower limit of z > 0.6035 for PKS 1424+240 ac-
cording to the observations of Lyβ and Lyγ absorption. Based
on its gamma-ray spectra, the redshift upper limits of z 6 0.81,
z 6 1.00 and z 6 1.19 were reported by Aleksic´ et al. (2014),
Scully et al. (2014), and Yang & Wang (2010), respectively. A pho-
tometric redshift upper limit of z 6 1.10 was reported by Rau et al.
(2012). On the other hand, the EBL density is also not mea-
sured well so far (e.g., Hauser & Dwek 2001). Many models have
been proposed to estimate the EBL intensity (e.g., Stecker et al.
2006; Franceschini et al. 2008; Finke et al. 2010; Kneiske & Dole
2010; Domı´nguez et al. 2011; Gilmore et al. 2012; Inoue et al.
2013). The current gamma-ray observations can put strong con-
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straints on the EBL intensity in optical-UV frequency range (e.g.,
Ackermann et al. 2012; Yuan et al. 2012; Abramowski et al. 2013),
and the relevant results indicate that the EBL intensity is closer to
the lower limit (e.g., the EBL model of Franceschini et al. (2008))
of the EBL models.
One important and interesting issue is to explain the gamma-
ray emission from the distant blazar PKS 1424+240, espe-
cially its hard TeV spectrum. Generally speaking, two kinds
of models have been proposed to study the origins of the
gamma-ray emissions of blazars: jet and non-jet models. The
jet models can be divided into leptonic and hadronic mod-
els. In the leptonic jet models, the gamma-rays are produced
through inverse Compton scattering of low-energy photons by
the high energy electrons in the jet, including synchrotron-
self Compton (SSC) (e.g., Maraschi et al. 1992; Yan et al. 2014)
and external Compton models (e.g., Dermer & Schlickeiser
1993; Sikora et al. 1992; Yan et al. 2012). In the hadronic
jet models, the high energy photons come from the proton-
synchrotron emission or pγ interaction in the jet (Aharonian
2000; Mu¨cke et al. 2003; Bo¨ttcher et al. 2009, 2013; Dermer et al.
2012; Dimitrakoudis et al. 2012, 2014; Mastichiadis et al. 2013;
Weidinger & Spanier 2014). In the non-jet models, the gamma-
rays are produced in the propagation of ultra-high-energy-cosmic-
rays (UHECRs) in the intergalactic space (e.g., Essey & Kusenko
2010; Essey et al. 2010; Essey & Kusenko 2014; Takami et al.
2013; Aharonian et al. 2013). Moreover, some novel physical phe-
nomena such as oscillations of photons into axion-like particles
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Figure 1. Proton cooling timescales in the blob rest frame. The parameters
for model A in Table 1 are used.
are proposed to mitigate the serious EBL-absorption of TeV pho-
tons emitted by a distant blazar (e.g., De Angelis et al. 2007;
Horns et al. 2012; Harris & Chadwick 2014; Rubtsov & Troitsky
2014; Tavecchio et al. 2014). For PKS 1424+240, Acciari et al.
(2010) modeled its multi-wavelength spectral energy distribution
(SED) with SSC model; however, the highest gamma-ray data can-
not be explained in this model due to the strong EBL absorption.
Essey & Kusenko (2014) showed that the VERITAS TeV spectrum
in 2009 reported in Acciari et al. (2010) could be explained well in
the non-jet model with the redshift up to 1.3. Aleksic´ et al. (2014)
presented that the TeV spectrum of PKS 1424+240 derived from
the observations of MAGIC in 2010 and 2011 could be explained
well by a two-component SSC model when its redshift z ∼ 0.6.
We shall point out that the primary gamma-ray emission from the
jet would play an important role in the non-jet models (see the re-
sults in Essey & Kusenko (2014)).
Archambault et al. (2014) reported the TeV spectrum of PKS
1424+240 derived from the deep VERITAS observations in 2009
and 2013. The EBL-corrected TeV spectra with z = 0.60 and a
low density EBL model show a possible indication of spectral hard-
ening at the highest energies, which challenges the leptonic mod-
els . To better understand the origin of the TeV emission of PKS
1424+240, the first step is to study the TeV photons produced in its
jet in detail.
In this work, we investigate the formation of TeV spectrum of
PKS 1424+240 in a lepto-hadronic hybrid jet model. In this model,
there are two scenarios according to the production of the TeV pho-
tons, which are described in Section 2. The effects of the EBL and
the redshift uncertainties are considered in this model. Our results
are presented in Section 3, and our conclusions are given in Sec-
tion 4.
2 THE MODEL
Since high energy electrons and protons may coexist in the jet of
a blazar, both leptonic and hadronic emission processes should
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Figure 2. Electron-positron and photon production rates in pγ interaction
in the blob frame. The parameters for model A in Table 1 are used.
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Figure 3. Pair cascades distribution. The parameters for model A in Table 1
are used.
be considered (e.g., Mu¨cke et al. 2003; Mastichiadis et al. 2013;
Bo¨ttcher et al. 2013) in such a case, which is called as lepto-
hadronic blazar jet model. In the lepto-hadronic model, it is as-
sumed that both high energy electrons and protons are injected into
a homogeneous and spherical emission region (blob) with radius
Rb, magnetic-field strength B, and Doppler factor δD. In the emis-
sion region, synchrotron and SSC emissions are the two main emis-
sion processes for the primary high energy electrons; meanwhile,
proton-synchrotron emission and pγ interaction are responsible for
the production of high energy photons in the hadronic processes.
The synchrotron emission photons of primary high energy elec-
c© 2012 RAS, MNRAS 000, 1–??
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trons not only provide the target photons for pγ interaction, but
also provide the low energy photons for γγ interaction. Therefore,
the ultrahigh energy (UHE) photons from the π0 decay and syn-
chrotron emission of the first generation e± pairs produced in the
pγ interaction interact with the low energy target photons, and then
the pair cascades are induced; consequently, the final gamma-rays
escaping from the blob are dominated by the synchrotron emission
photons of the pair cascades and protons. Briefly, this model in-
cludes the following processes: (1) synchrotron and SSC emissions
of primary electrons; (2) proton-photon pion production; (3) pro-
ton synchrotron emission; (4) proton-photon pair (Bethe-Heitler or
BH pair) production; (5) photon-photon pair production; and (6)
synchrotron emission of UHE-photons-induced pair cascades.
3 RESULTS
Several kinds of particles energy distributions (PED) have been
used to fit the SEDs of blazars (e.g., Yan et al. 2013; Zhou et al.
2014). Here we do not consider the acceleration processes, and just
assume that particles are injected with a power-law distribution, i.
e.,
Qe/p(γe/p) = ke/pγ
−se/p , γe/p,1 6 γe/p 6 γe/p,2 , (1)
where ke/p are the electron/proton injection constants; γe/p,1
and γe/p,2 are the minimum and maximum values of elec-
tron/proton Lorentz factor. A steady-state solution to the particle
continuity equation is used to calculate the emission spectra (e.g.,
Dermer & Menon 2009; Bo¨ttcher et al. 2013), where continuous
injection is balanced by the cooling and escape of the particles.
For the injected electrons, we assume an energy-independent
escape timescale tesc = ηescRb/c, where ηesc > 1 is a constant.
In the lepto-hadronic model, the strength of magnetic field is so
large that the radiative cooling of the electrons is dominated by
the synchrotron emission. When the escape timescale equals to the
cooling timescale, a critical energy γc is determined. Depending on
whether γc is larger than γe,1 or not, there are two regimes: slow-
cooling and fast-cooling regimes. In the slow-cooling regime with
γe,1 < γc , the steady-state electron distribution can be approxi-
mated as (e.g., Dermer & Menon 2009; Finke 2013; Bo¨ttcher et al.
2013)
Ne(γe) ≈ ke
{
(γe/γc)
−se γe,1 6 γe 6 γc
(γe/γc)
−se−1 γc < γe < γe,2
. (2)
But in the fast-cooling regime with γe,1 > γc, the steady-state
electron distribution is given by
Ne(γe) ≈ ke
{
(γe/γe,1)
−2 γc 6 γe 6 γe,1
(γe/γe,1)
−se−1 γe,1 < γe < γe,2
. (3)
The above electron energy distributions are used to calculate the
synchrotron-SSC spectra of the primary electrons with the methods
given in Finke et al. (2008).
For a given injection rate, the steady-state proton energy dis-
tribution is given by (e.g., Bo¨ttcher et al. 2013)
Np(γp) =
1
|γ˙p|
∫
∞
γp
Qp(γ
′
p)dγ
′
p , (4)
where the escape term is negligible in the calculation of high energy
emissions from the protons in the blob, because it only affects the
lowest-energy protons which do not substantially contribute to the
radiation (Bo¨ttcher et al. 2013). |γ˙p| is the energy losses of the pro-
tons and includes radiative energy losses (proton-synchrotron and
pγ-interaction cooling) and adiabatic energy loss of the protons.
The proton-synchrotron cooling rate is
|γ˙p, syn| = 2.3 × 10
5
(
B
100 G
)2(
Ep
1019 eV
)2
s−1 . (5)
The photo-pion energy loss is given as (Aharonian 2000)
|γ˙p, pγ | = 3× 10
20 〈σpγf〉
cm2
nsyn(ǫ0)ǫ0
cm−3
Ep
1019 eV
s−1 , (6)
where 〈σpγf〉 ≈ 10−28 cm2 is the inelasticity-weighted pγ in-
teraction cross section and nsyn(ǫ) is the synchrotron photons
spectral density emitted by primary electrons and ǫ0 = 5.9 ×
10−8(
Ep
1019 eV
)−1. The adiabatic cooling rate is
|γ˙p, ab| = 9.0× 10
5 Ep
1019 eV
(
Rb
1015 cm
)−1
·
1
δD
s−1 , (7)
where we assume the opening angle of the conical jet θj to be 1/δD.
Finally, |γ˙p| can be written as
|γ˙p| = |γ˙p, syn|+ |γ˙p, pγ |+ |γ˙p, ab| . (8)
It can be seen in Fig. 1 that the adiabatic energy loss of proton
significantly dominates over the radiative losses. This fact means
that the steady-state proton distribution is determined by |γ˙p, ab|
for a given proton injected rate.
With the above proton energy distribution, the proton-
synchrotron spectrum is calculated by the method used to calculate
the electron synchrotron radiation, but the Larmor frequency is re-
scaled by a factor of 1830 (e.g., Aharonian 2000), and we restrict
the proton’s Larmor radius to be smaller than the radius of emission
region. The final products resulted from pγ interaction (UHE pho-
tons, the first generation e±, and neutrinos) are calculated by using
the methods given by Kelner & Aharonian (2008), and the target
photons are the synchrotron photons of primary electrons. The en-
ergy distribution of UHE-photon-induced pair cascades and their
synchrotron emission are evaluated by using the semi-analytical
method given by Bo¨ttcher et al. (2013). The γγ absorption opti-
cal depth for high energy photons having dimensionless energy ǫ1
in the blob rest frame, τγγ, syn , due to interaction with the internal
synchrotron radiation field, is calculated as (e.g., Finke et al. 2008)
τγγ, syn(ǫ1) =
3RbσT
8ǫ21
∫
∞
1/ǫ1
dǫnsyn(ǫ)φ¯(ǫ1ǫ)ǫ
−2 , (9)
where the function φ¯(ǫ1ǫ) can be found in Gould & Schre´der
(1967), and σT is Thomson cross section. This absorption will
modify the high-energy spectrum by the factor
1− e−τγγ, syn(ǫ1)
τγγ, syn(ǫ1)
.
In Fig. 2 the electron-position and photon production rates in
pγ interaction are shown. One can see that at γp & 50 TeV ener-
gies the electron production rate of photo-pion process dominates
over that of BH pair process. At lower energies the latter is dom-
inant; however, this fact does not mean the proton cooling due to
BH pairs production becomes dominant, because at low energies
the proton’s adiabatic energy loss is significantly dominant (see
Fig. 1). Based on the results in Figs. 1 and 2, one can find that
BH pair production is negligible for very high energy protons (e.g.,
Ep ∼ 10
18 eV), which has been pointed out by the previous studies
(e.g., Aharonian 2000; Mu¨cke et al. 2003). For relative low-energy
protons (e.g., Ep ∼ 1015,16 eV), BH pair production is an impor-
tant source of electron-positrons, which could produce significant
contribution to the SED in the hard X-ray/soft gamma-ray energy
c© 2012 RAS, MNRAS 000, 1–??
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Figure 4. Modeling SED results in model A (left) and model B (right). Bottom panels are the TeV windows of top panels. Left panel, dashed line: synchrotron
emission of primary electrons; dotted line: synchrotron emission of protons; dot-dashed line: synchrotron emission of e± pairs cascade; solid line: the sum
of all kinds of emissions. TeV data are EBL-corrected; filled circles: with z = 0.69 and τf = 0.61; triangles: with z = 0.75 and τf = 0.61 . Right panel,
double-dot-dashed line: synchrotron emission of proton; solid line: synchrotron emission of proton with an internal absorption. TeV data are EBL-corrected;
filled circles: with z = 0.65 and τf = 0.78; filled triangles: with z = 1.03 and τf = 0.78; open triangles: with z = 1.03 but τf = 0.61.
Table 1. Model parameters for the results of Fig. 4 in the blob rest frame.
Model B δD Rb ηesc γe,1 γe,2 se γp,1 γp,2 sp Up/UB Ue/UB
(G) (1016 cm) (GeV) (GeV) (GeV) (GeV)
Model A 15 30 0.47 10 1.4 17.9 3.0 51.1 3.5× 109 1.6 1.4 7.7× 10−4
Model B 50 30 4.4 10 0.8 12.8 3.1 51.1 3.0× 1010 1.6 7.7× 10−5 1.3× 10−6
range (Petropoulou & Mastichiadis 2014). The energy of the first
generation electron-positrons and photons produced in pγ interac-
tion are transferred to pair cascades and then more low energy elec-
trons are produced (Fig. 3). Below ∼ 0.1 TeV, the distribution of
the spectral index of pair cascades is ∼ −2, and becomes ∼ −3
at higher energies. In our calculations, it is found that the first gen-
eration electron-positrons produced in pγ interaction have slight
effect on the distribution of pair cascades, which denotes that the
electrons resulted from γγ interaction are the main source of pair
cascades.
The synchrotron emissions from intermediate decay products
(muons and pions) are neglected in this model, also see the re-
cent papers Bo¨ttcher et al. (2013) and Weidinger & Spanier (2014),
implying that the decay timescales of the intermediate products is
shorter than their synchrotron timescales. Although several authors
argued that this effect of not considering the radiation of the inter-
mediate particles is small (Mu¨cke et al. 2003; Weidinger & Spanier
2014), it should be cautious to apply this model to the situation with
both high magnetic field and high electron as well as proton densi-
ties.
With different model parameters, the TeV emission produced
in this lepto-hadronic jet model could be attributed to the syn-
chrotron emission of UHE-photon-induced pair cascades (labeled
as model A) or to the synchrotron emission of the protons (la-
beled as model B). The most basic differences between models
A and B are the injected densities of electrons and protons. The
injected densities of electrons and protons in model A are much
higher than those in model B (see Table 1), resulting in higher
pγ interaction rate in model A. In model B, an internal absorp-
tion of gamma-rays due to interaction with the soft photon field
around the jet is introduced just as done in Aharonian et al. (2008)
and Zacharopoulou et al. (2011). This internal γγ optical depth for
the high energy photon having dimensionless energy ǫ1 in the host
galaxy frame is estimated as (Zacharopoulou et al. 2011)
τint(ǫ1) ≃ 0.2σTRnph(3.5/ǫ1) , (10)
where R is the travel distance of the gamma-rays in the photon field
(broad line region or dust torus), and the soft photon field around
the jet nph(ǫ) is assumed to be a diluted black body spectrum that
is characterized by a temperature T and a diluted energy density
U0. This absorption will modify the high-energy spectrum by the
factor e−τint(ǫ1).
We use the cosmology parameters H0 = 70 km s−1 Mpc−1,
Ωm = 0.3 and ΩΛ = 0.7 in our calculations.
Archambault et al. (2014) reported the TeV spectra of PKS
1424+240 derived from the deep VARITAS observations in 2009
c© 2012 RAS, MNRAS 000, 1–??
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Figure 5. 68% and 95% limits of z and τf . Left: model A; right: model B with T = 1.09+0.55−0.19 eV and R = 2.09
+0.17
−0.69 pc. Crosses are the best fit values.
Table 2. The constraints on z and τf derived from the fits to the observed
TeV spectrum.
Model z τf χ2/dof
model A 0.69 0.61 0.61
68% limit < 0.75 < 0.83
model B 0.65 0.78 0.38
68% limit < 1.03 < 1.00
and 2013 as well as the contemporaneous Fermi -Large-Area-
Telescope (LAT)-detected GeV spectra and Swift-detected optical-
UV spectra, where multiwavelength spectrum in 2009 is slightly
above that in 2013. They have shown that no strong variabil-
ity was found from their observations. Aleksic´ et al. (2014) re-
ported that the corrected MAGIC spectra in 2010 and 2011 with
z = 0.6 and the EBL model given by Franceschini et al. (2008)
are flat without any apparent turn-down up to 400 GeV. It can
be found that the MAGIC spectrum in 2009 is consistent with
the VERITAS spectrum in 2009. Here the VERITAS spectrum in
2009 (Archambault et al. 2014) is adopted because of its more data
points.
First, assuming z = 0.6, we model the SEDs of PKS
1424+240 covering from optical to GeV gamma-rays energy range
to obtain the intrinsic TeV spectra in models A and B. The model
results are shown in Fig. 4 and the model parameters are listed in
Table 1. It can be found that both models A and B can reproduce
the observed SED from optical to GeV band well. The SSC emis-
sion from the primary electrons is negligible in the two models. In
model A the synchrotron emission of protons is dominant at GeV
band and the synchrotron emission of pair cascades is dominant
at TeV band. In model B the synchrotron emission of protons is
dominant at GeV-TeV band. Obviously, the intrinsic TeV spectra
predicted by the two models are different (see Fig. 4). Because of
the contribution from pair cascades, a spectral harding at sub-TeV
band appears in model A, and then the TeV spectrum is not a sim-
ple power-law. However, the TeV spectrum in model B is a simple
power-law and extends into higher energy than that in model A.
For possible and different redshifts (e.g., z . 1.0), the nearly same
intrinsic TeV spectrum in each model can be obtained by using
slightly different parameters. In a specific model, this intrinsic TeV
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Figure 6. Predicted spectra of the neutrinos (electron neutrinos + electron
antineutrinos + muon neutrinos + muon antineutrinos ) in models A (dashed
line) and B (dotted line). The solid line is the three years’ sensitivity of
Askaryan Radio Array, which is taken from Murase et al. (2014).
spectrum is constrained by the GeV spectrum, which is indepen-
dent of the redshift.
Secondly, using the intrinsic TeV spectra we fit the observed
TeV spectrum after taking the uncertainties on the redshift and EBL
density into account. For the EBL uncertainties, we introduce a
scaling factor τf , and define τ (z, ǫ1) = τf · τ (z, ǫ1)model, where
τ (z, ǫ1)
model is the optical depth predicted by the EBL models. Ac-
cording to the results given by Ackermann et al. (2012), we restrict
τf between 0.6 and 1.0 for the EBL model of Finke et al. (2010). In
model B, in addition to the EBL absorption, an internal absorption
due to the low energy photon field around the jet is needed. Here,
the low energy photon field is described as a diluted black body
spectrum (see the description of model B in Section 2). In our fit-
ting, we set U0 to be 2.0 × 10−5 erg cm−3, and take T and R as
free parameters. T and L calculated by using U0 and R define the
c© 2012 RAS, MNRAS 000, 1–??
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feature of the soft photon field. The fit results are listed in Table 2,
and two-dimensional z − τf 68% and 95% confidence level con-
tours are shown in Fig. 5. Then, we use the fit results in Table 2 to
correct the observed TeV spectrum, which are plotted in Fig. 4. To
fit TeV spectrum well, model A requires smaller EBL density and
redshift compared with model B (see Table 2). With the EBL den-
sity very close to the lower limit given by Ackermann et al. (2012)
for Finke et al. (2010) EBL model, the allowed 68% redshift up-
per limits for models A and B are 0.75 and 1.03, respectively (see
Table 2).
In Fig. 6, we show the neutrino spectra calculated in the two
models. Compared with model B, because of the much higher pγ
interaction rate in model A, the calculated neutrino flux in model A
is significantly larger than that in model B. It is noted that the neu-
trino flux in model A is very close to the three years’ sensitivity of
the Askaryan Radio Array. Moreover, we also note that the shapes
of the neutrino spectra predicted in the two models are different,
which could be attributed to different values of the maximum pro-
ton energy in models A and B.
We now pay attention to the rest of differences between the
two models. We note that the energy in the relativistic protons
nearly equals to the energy in the magnetic field in model A (Ta-
ble 1, Up/UB = 1.4) and the power in the relativistic protons is
Lp = 2.4 × 10
46 erg s−1 (with z = 0.6). While in model B the
ratio of the energy in the relativistic protons to that in the mag-
netic field is far smaller than unit, which is caused by the dramatic
decrease of the injected proton density (and then results in the de-
crease of pγ interaction rate). In model B, the required power in
the relativistic protons, Lp = 1.3 × 1045 erg s−1 (with z = 0.6),
is one order of magnitude lower than that in model A. In model
B, a higher maximum energy is used, which is still consistent with
the Hillas condition. The maximum proton energies in the blazar
jet are discussed in Murase et al. (2012, 2014) and Dermer et al.
(2014), and the value we used in model B is very close to the upper
limit given in Murase et al. (2014) and Dermer et al. (2014).
Finally, let us discuss the reasonableness of the soft photon
field required in model B although we gave a reasonable assump-
tion on it. According to the values of T and R (T = 1.09+0.55−0.19 eV
and R = 2.09+0.17−0.69 pc) derived from our fit and U0 = 2 ×
10−5 erg cm−3 we assumed, it seems that this photon field comes
from a hot dusty torus. But its luminosity within 2 pc from cen-
tral black hole, L ∼ 1043 erg s−1, is extremely high for HBL.
Stocke et al. (2011) reported Lyα luminosity of 6 1041 erg s−1
for three typical high-synchrotron-peak BL Lacs (HBLs) (Mrk 421,
Mrk 501, and PKS 2005-489). Based on the current knowledge
on blazars (e.g., Ghisellini & Tavecchio 2009), it is unlikely for
PKS 1424+240 to have a soft photon field around the jet with
L ∼ 1043 erg s−1.
4 CONCLUSION AND DISCUSSION
PKS 1424+240 may be the most distant TeV blazar at present. Un-
derstanding its intrinsic TeV spectrum generated in the jet is very
important, which could connect to some new physical or astrophys-
ical phenomena (e.g., Rubtsov & Troitsky 2014; Tavecchio et al.
2014). In this work, including the uncertainties of redshift and EBL
density we have studied the origin of the TeV emission from PKS
1424+240 with two scenarios in the frame of the lepto-hadronic jet
model. In the first scenario, TeV emission is attributed to the syn-
chrotron radiation of UHE-photon-induced pair cascade and GeV
emission is attributed to the proton synchrotron emission (model
A). In the second scenario, GeV-TeV emission is attributed to the
proton-synchrotron emission and an internal absorption is included
(model B). Our results show that both models A and B are able
to explain the TeV emission of PKS 1424+240 well with the red-
shift z . 0.7 and a low EBL density (τf ∼ 0.6 for Finke et al.
(2010) EBL model). The allowed 68% upper limits of the redshift
for models A and B are 0.75 and 1.03, respectively. However, the
required soft photon field in model B is unlikely for HBLs. There-
fore, we could exclude the case of model B here for PKS 1424+240
although the parameters on the proton energy distribution and emis-
sion region are reasonable. We therefore conclude that model A can
explain the TeV spectrum of PKS 1424+240 with a low EBL den-
sity when 0.6 < z < 0.75.
We would like to stress that the proton-synchrotron emission
producing GeV-TeV spectra is still reasonable for PKS 1424+240.
Aleksic´ et al. (2014) showed that Fermi-LAT spectrum connects
smoothly with the MAGIC spectra in 2010 and 2011 (de-absorbed
spectra assuming z = 0.6 and with Franceschini et al. (2008) EBL
model), which could be modeled well by the proton-synchrotron
emission. Based on the results presented in (Aleksic´ et al. 2014)
(their Fig. 8), however, we estimate that Fermi-LAT spectrum and
the MAGIC spectra in 2010 and 2011 could not be modeled well
by the two-zone SSC model suggested in Aleksic´ et al. (2014) and
the proton-synchrotron emission if the redshift z > 0.6.
For the VERITAS spectrum in 2009, our results have shown
that it can be explained reasonably by model A with a low EBL
density if z < 0.75 (68% upper limit). Combining with the above
discussions, this means that if z > 0.75 the jet models could not
account for the TeV emission from PKS 1424+240 because of the
very serious EBL absorption. In this case (z > 0.75), the non-jet
models could explain the TeV spectra of PKS 1424+240, where
the EBL absorption effect is reduced significantly so that no pecu-
liarly hard TeV spectrum occurs. These non-jet models include the
secondary emission produced during the propagation of UHECRs
(e.g., Essey & Kusenko 2014) and the photon-axion-like particles
oscillation models (e.g., Meyer et al. 2013). Our study of the TeV
spectrum formed in the jet would put some constraints on the non-
jet models, which will be done in our coming work.
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